Introduction
The strongest evidence for recent and widespread climatic warming comes from analysis of surface air temperature (SAT) measurements [Wigley et al., 1985; Ellsaesser et al., 1986; Hansen and Lebedeff, 1987; Jones and Briffa, 1992; Briffa and Jones, 1993] . Global analysis of SAT trends shows an increase of 0.5-0.7øC in the last 100 years but also shows spatial variability as a function of latitude [Hansen and Lebedeff, 1987] . Some high-latitude regions exhibit 3-5øC of warming, while midlatitudes show less warming; some equatorial regions show no warming or even show cooling. Unfortunately, for most areas, coverage of SAT data is limited in space (few stations) and in time (this century).
Changes in temperature at the Earth's surface, however, propagate slowly downward into the Earth and perturb the subsurface temperature field. Due to the relatively low thermal diffusivity of rock (1,•10 '6 m 2 s'•), temperature perturbations in the uppermost 300 m of the Earth's crust reflect surface temperature conditions over the past few hundred years. These subsurface temperature perturbations therefore can be used to reconstruct past surface ground temperature trends not only for this century but also for the time immediately preceding installation of weather stations, a period of time that is critical to climate change studies.
Analyses of borehole temperature logs both complement and extend the meteorological archive of climate change data. Surface ground temperature changes inferred from geothermal data include 2-4øC of warming in northern Alaska [Lachenbruch and Marshall, 1986 [Mareschal and Vasseur 1992] , variable warming between 0 and 2øC for the northern U.S. plains [Gosnold and Bauer, 1990] , warming of about 2øC in the southern U.S. plains [Deming and Borel, 1993] and an average of 0.6øC warming in the northern Basin and Range of Utah Chapman et al., 1992] . While the timing of warming is loosely constrained, these studies indicate that ground warming has occurred over the past 100 to 150 years. In some cases Swell (SRS) physiographic subprovinces. The boreholes were drilled by mining companies between 1976 and 1980. These temperature logs form a subset of a larger data set originally used in a regional heat flow study [Bodell and Chapman, 1982] . Sites used in this climate reconstruction study were selected using the following criteria: (1) borehole temperature logs extend to a depth of at least 300 m, (2) temperature logs show no obvious sign of groundwater flow, and (3) temperature logs show a consistent thermal gradient through individual sedimentary units. These criteria eliminated 19 sites (also shown in Figure 1 ) that had been used for heat flow determinations.
Temperature-depth measurements were made using a thermistor probe, four-conductor cable, and a digital ohm meter in stop and go mode. All thermistors used were calibrated in the laboratory against a Hewlett Packard 2804A quartz thermometer. The precision and accuracy of the measurements are estimated to be better than 0.01 K and 0.1 K, respectively [Bodell and Chapman, 1982] . Details of instrumentation and measurement procedure are reported by Chapman [1976] and Chapman et al. [1981] .
Temperature-depth measurements for the nine borehole sites are shown in Figure 2 , in which the profiles are plotted against relative temperature to avoid overlap. Boreholes selected in the San Rafael Desert are between 300 m and 450 m deep and in the San Rafael Swell are between 500 m and 600 m deep. Boundaries between sedimentary formations are marked on the temperature-depth profiles and formation abbreviations are given in Table 1 . Because these temperature measurements were made for a regional heat flow survey where the focus was on temperature gradients in the deepest portion of each borehole rather than fine-scale temperature perturbations near the surface, the measurement density is coarse. In the deeper portions of the boreholes the measurement spacing is usually 5 m, but in the shallow part of the boreholes where the temperatures are most sensitive to a changing surface condition, the measurement spacing increases from 5 to 10 m for most boreholes (SRD-1, SRD-3, SRD-4, and SRS-3); in SRD-2 the measurement spacing is 25 m (Figure 2 ). Previous studies, however, have indicated that the temporal resolution of temperature histories is only slightly sensitive to the vertical spacing of measurements [Clow, 1992; Mareschal and Beltrami, 1992; Beltrami and Mareschal, 1994] .
For a homogeneous, isotropic medium having no internal heat sources and bounded top and bottom by planar constant temperature surfaces, with the lower surface hotter than the upper surface, temperature increases linearly with depth. The temperature gradient is a function of heat flow and the thermal conductivity of the medium. The Earth's crust, however, seldom approaches such a thermal condition. Perturbations to this ideal thermal state are caused by various mechanisms including contrasts in thermal conductivity, heat production, surface elevation effects, surface temperature variations, erosion or burial, groundwater flow, and changing surface 
Fn,i (Figure 2 ). Adjusted conductivities for the SRS data are referenced to the Navajo Sandstone. The Navajo is also laterally homogenous and occurs from about 100 to 400 m below the surface in SRS boreholes (Figure 2 ). In both of these cases we were able to satisfy simultaneously the three criteria listed above.
Adjusted conductivities are given in Table 1 . In general, the differences between measured and preferred conductivities are small. Adjustments made for the Carmel, Navajo, Kayenta, and Wingate formations average 4.1% and do not exceed 8%. The large variation of conductivity for the Chinle formation may result from a facies change between sites as the lithological variation within the formation is also large.
Bullard plots of temperature versus summed thermal resistance constructed using the conductivities listed in Table  1 
where the data d are a function of the data kernel G and where U is the matrix of eigenvectors spanning the data space, V is the matrix of eigenvectors spanning the model space, and A contains the eigenvalues 3., which are ordered from largest to smallest, and maps the data space into the model space. The generalized inverse is given as [Lanczos, 1961] G t = VA'IU T. 
Meteorological Data
We have compiled mean annual SAT records from five meteorological stations which surround the boreholes (see Figure 1) (Table 3) . Because linear regression of these time series is an oversimplification of the observed patterns we do not put too much weight on the these As the last step we invert the averaged reduced temperatures for surface ground temperature history and compare it directly to the averaged SAT record (Figure 8b) . Analysis of the diagnostic parameters as a function of p (the number of nonzero eigenvalues) indicated a preferred model for p = 2. These two steps illustrate dramatically the effects of diffusion, as all high-frequency components of the average SAT signal are missing, both in the synthetic temperature profile ( Figure  8a ) and the surface ground temperature history (Figure 8b ). Nevertheless, we are able to retrieve the long-period temperature signal. Our analysis indicates that the long term mean temperature is 0.4øC below the 1900-1980 average temperature departures derived from the SAT records. Additionally, the Colorado Plateau of eastern Utah has undergone warming of 0.7øC over the past 100 years, and the warming has increased since 1960.
Comparison of Geothermal and Meteorological

Air and Ground Temperatures
Our analysis suggests that changes in air temperature through time are accompanied by corresponding changes in ground temperatures. However, the SAT at a site may be quite different from its surface ground temperature, even when averaged over several annual cycles. The offset between the two is often difficult to ascertain. Ideally, one would use air temperature measured at a meteorological station and the surface ground temperature inferred from a borehole temperature profile located at the weather station, but these do not exist for southeastern Utah. Instead, we have plotted our borehole surface temperature intercepts (from Table 2 ) and average air temperature (from Table 3 In addition to the purely topographic effect discussed above, uneven terrain can produce other subsurface temperature perturbations related to (1) uneven solar radiation received and (2) vegetation differences. The latter are difficult to quantify [Geiger, 1965] The average annual precipitation in this region, however, is only 0.2 m/yr (U.S. Weather Bureau), and, generally, less than 20% of rainfall infiltrates to the water table. Vertical recharge allowed by meteorological observations is therefore about 0.04 m/yr, clearly inconsistent with a groundwater velocity of 1.2 m/yr inferred from our calculation on the assumption that groundwater flow is responsible for the reduced temperature anomaly. We also note that most of the borehole sites are located at positions in the groundwater flow system midway between the high-elevation recharge areas and discharge regions in low-elevation drainage basins, so that the flow system would be characterized by subhorizontal rather than vertical flow. Finally, it would be highly fortuitous if the vertical groundwater flow at each site ceased at a depth of about 150 m, the depth of significant temperature residuals, because drill logs indicate that the first occurrence of a lowpermeability layer has a depth of about 400 m. For these multiple reasons we think it is safe to conclude that the reduced temperature signal in this region cannot be solely due to vertical groundwater flow.
Could part of the reduced temperature signal be caused by vertical groundwater flow? If we assume that the lowest detectable value of I• = 0.2 and that L is about 100 m, then by using (16) the lower limit of detectable curvature has a groundwater velocity is 0.6 rn/yr. Thus the average annual precipitation of 0.2 m/yr is not likely to introduce anomalous curvature in temperature-depth measurements. 
Conclusions
